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\bstract : Inner shell ionisation with protons and alphas has been studied odensively for the last few decades but data with heavy ions 
are really scarce. With proton or helium, the coulombic interaction between the projectile and the electron can be well treated with the 
existing theories but with the low velocity heavy ions with their electron clouds, the perturbation becomes stronger and the normal 
collision dynamics gets modified. In order to investigate this effect, we used C  and O  ions from the 3 MeV Pelletron at lOP Bhubaneswar 
m the energy range of 4-12 MeV to measure the A', L and M  cross sections of difTerent elements like Gc, Ag, Au, Pb and Bi. We have also 
measured the anisotropy and the alignment parameters of the induced ions and the results were then compared with ECPSSR theory In the 
case o f L subshells, it was observed that the Intra-shell effect plays a significant rule at such low velocities.
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i. Introduction
M'terthe discovery of X-rays by ROntgen [1], Chadwick [2] 
Irst observed the characteristic X-rays from several elements 
H exposing  them to alpha particles emitted from a radium 
ource. In a similar fashion, Franz and Bothe [3] observed 
I and M  shell X-rays from elements Z = 32-79 and 83. 
Ihe first successful experiment to produce target X-rays by 
wmbarding with proton was done by Grethsen and Reusse 
4]. Peter [5] and Livingston e ta l  [6] also studied characteristic 
(■rays produced by bombarding with protons upto the 
n e rg y o f 1.76 MeV.
All these early works are the basis of our present day 
nativities on Inner Shell Ionisation (ISI) in ion-atom collision, 
i^th the availability of large number of particle accelerators, 
dvancement in detection systems, data acquisition and 
inalysis, activities on ISI have got a tremendous boost 
'‘‘ring the last fe\ff decades. The reasons behind the activities 
ISl were two fold, (i) Proton induced K  and L  shell 
(-ray production cross sections of different elements were 
urgent need as inputs to the one o f the most powerful 
nicro- analytical technique called PIXE which was started 
" seventies by a group from Lund University [7] and
(ii) to understand the mechanism of ISI in the light of the 
existing theories on ion-atom collision.
To understand the mechanism of inner-shell ionisation in 
ion-atom collision, several theories such as Plane Wave 
Bom Approximation (PWBA) [8-11], Binary Encounter 
Approximation (BEA) [12] and Semi-Classical Approximation 
(SCA) [13,14] have been formulated. Corrections due to the 
projectile energy loss {£), coulomb deflection of the projectile 
in the field of the target nucleus (Q , relativistic nature of the 
inner-shell electrons (R) and the polarisation and increased 
binding of the inner-shell electrons have been introduced 
into the PWBA formalism through Perturbed Stationary 
State (PSS) [ 15] calculation, which is known and abbreviated 
as ECPSSR. In PIXE work, the ECPSSR theory has received 
wide acceptance and comparison of this theory with the 
experimental data on K  shell ionisation are also within a few 
percent [16].
The reasons for our investigation of ISI with low velocity 
heavy ions are : (i) at low velocity compared to the velociQf 
of the orbital electron some strange and peculiar phenomena 
occur especially with heavy ions which are difficult to 
explain with the existing theories and (ii) most of the ISI
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measurements done previously were with protons or alpha 
particles, where existing theoretical predictions are quite 
good. But the measurements with heavy ions are still scarce. 
And so die existing theoretical models could be best tested 
with the data of heavy ions where the collision mechanism 
is more complicated than.with single particles like protons.
In this talk, I would like to present before you some of 
our activities on ISI that we have been carrying out for the 
last 5-6 years with low velocity heavy ions obtained from 
the Pelletron Accelerator of the Institute of Physics, 
Bhubaneswar. First of all, 1 shall describe briefly about our 
experimental set up and tiien pass on to L, M  and K  shell 
measurements.
2. Experimental
All the measurements were done using the 3MV 9SDH-2 
Tandem Pelletron at the Institute o f Physics, 
Bhubaneswar.The energy range of the projectiles was 0.25 
to 1.1 MeV/amu. Figure 1 shows a schematic diagram of the
FigMre 1. Schematic diagram o f the scattering chamber.
vacuum chamber (diameter 28 cm) used in these 
measurements. The beam enters the chamber through two 
carbon slits o f diameter 3 mm separated by a distance of 7.5 
cm. A Si(Li) detector having a resolution of 160 eV at 5.9 keV 
was used for the measurements. For the cross section 
measurement, the detector was placed at an angle of 90° to 
die beam. Eight holes each with a diameter o f -12 mm were 
made on die wall o f the scattering chamber at angular 
positions of 150°, 135°, 120°, 105°, 90°, 75°, 60° and 45°. 
These holes were vacuum sealed with mylar of thickness 3.8 
mg/cm’. For the angular distribution study, the Si(L0 was 
placed at each of these holes widi the help of an angular 
distributkni table. For the mmnalisation of the beam intensity, 
a surfime banter detectm* was placed inside die chamber at 
an angle o f 135°. Widi our target mounting system, three 
targets could be placed inside the chamber at a time inside
the chamber. The slots in the target mount coui 
automatically bring the target at the center of the chami^ ' 
The count rate during each run was kept below 1000/sec 
as to avoid any pile up effect. The X-ray pulses wei 
processed through a preamplifter, an amplifier, an AD c an 
finally fed to an MCA. The targets used in the differe, 
measurements are shown in Table 1.





Au 70 C (20 fig/cni‘
Au 75 (10 i^g/cm‘
Au 50 C (10 |Ag/cm‘'
Au 150 self supponin
Bi 200 C (10 ug/cm^
Ge 70 r<10 j.ig/cm'
Ag 70 C (10 i^g/cni'
3.1. L  Shell measurement
a. Cross section measurement :
A typical gold L spectrum induced by 4.3 MeV carbon lo
is sh o w n  in F ig u re  2.
For the evaluation of X-ray production cross sectic 
the following relations were used ;
N x  =  N o N t& 'e ’F  '
Np-‘ NoN,a^(0)(iin)p '
where Nx = X-ray peak intensity
No =  Number of incident particles
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=  N u m b e r o f  ta rg e t a to m s 
«  X -ray  p ro d u c tio n  c ro ss  sec tio n  
=  E ffec tiv e  e ff ic ien cy  o f  th e  S i(L i) d e tec to r 
=  C o rrec tio n  fa c to r  d u e  to  s lo w in g  dow n  o f  
th e p ro je c tile  an d  X -ray  s e l f  ab so rp tio n  inside  
th e  ta rg e t
s  B a c k  sca tte red  p e a k  in ten sity  
( ^ 9 ^  =  R u th e rfo rd  sca tte r in g  c ro ss  sec tion  a t an 
an g le  6
{dilip  =  S o lid  an g le  su b ten d ed  by  th e  su rface  ba rrie r 
d e te c to r
sing relations (1 )  an d  (2 ) , th e  X -ray  p ro d u c tio n  c ro ss  
ction can be e x p re ssed  as
(T*
F
-■ N p S 'F (3)
le efficiency o f  th e  S i(L i) d e te c to r w ere  m easu red  using  
libratcd rad io ac tiv e  so u rces o f  Fe** an d  A m ^^'. E lem en ta l 
•gets o f  A l, Si an d  P  w ere  a lso  exc ited  w ith  2 M eV  p ro to n s 
get the effic ien cy  v a lu es  a t  lo w er en e rg ies . F o llo w in g  th e  
sthod o f  D atz e t  a /  [17 ] io n isa tio n  c ro ss  sec tio n s o f  L I ,  1 2  
d L3 subshells o f  A u  an d  B i in d u ced  by  C  an d  O  ions 
;re obtained [ 18]. A s a  ty p ica l ex am p le , F ig u re  3 show s th e  
perimental v a lu e s  o f  L I ,  L I  a itd  L3 su b sh e ll ion isa tion  
1SS section o f  A u in d u ced  b y  O  ions.
H av ing  faced  the  p rob lem , w e tried  to  find  o u t th e  m ain 
reason  beh ind  the  m ism atch . S arkad i and  M uk o y am a  [19] 
h ad  first suggested  th a t fo r slow  and  heavy  co llis ion  system s 
(  Z 1 /J2  >  0.01 and  v ilv \  < 0 .01 ), w here  p e rtu rba tion  o f  the 
p r o j e ^ l e  is very  strong , the  vacanc ies p roduced  b y  d irec t 
io n is itio n  cou ld  be  rearran g ed  am ong  the  subshells  (In tra- 
S h e ll 'e f fe c t)  b e fo re  any  rea rran g em en t b y  C o ste r K ron ig  
tr a n s iio n s . B y  trea ting  the  ion isation  and  th e  In tra-Shell 
effecil (IS ) as tw o  successive  steps o f  the sam e co llision  
p rocess , th ey  in itia lly  in tro d u ced  a c lassica l tw o  step  m odel 
to  accoun t fo r d ie  IS effect. L a te r on , full quantum  m echan ica l 
trea titlen t o f  th is  m odel w ere g iven  by  m any  o th e r au thors 
[2 0 -2 1 ].
T b  d em onstra te  th e  e fficacy  o f  th e  In tra -S he ll C oup ling , 
all h eavy  ion induced  d a ta  inc lud ing  ours, hav e  been  
analy*ed by  us [24] and  F igu re  4  show s o u r  analysed  
resu lts  on ly  fo r th e  L 2 subshell ion isation .
E,IMaV)
«re 3. t l ,  L2 and Li subshell ionisation of Au induced O ions. 
rPSSR, • present data.
It is o b serv ed  th a t th e  E C P S S R  p red ic tio n s  a re  n o t very  
from o u r e x p e rim e n ta l v a lu es o f  LI an d  L 3 , b u t the  
oretical p red ic tio n  fo r  L 2 is a  fa c to r o f  10 less  than  th e  
•erimental resu lts . T h is  ten d en c y  rem ain s a lm o st th e  sam e 
case o f  ca rb o n  ion  b o m b ard m en t a lso . T h is  ty p e  o f  
crepancy co u ld  n e ith e r  b e  ex p la in ed  w ith  th e  h e lp  o f  
Itiple o u te r sh e ll io n isa tio n  n o r  w ith  th e  u n certa in ty  
®ciated w ith  th e  a to m ic  p a ram e te rs  u sed  to  co n v e rt th e  
sy p roduc tion  c ro ss  sec tio n s  to  su b sh e ll io n isa tio n  c ro ss  
lions.
Figure 4. Ratio of the experimental and theoretical L2 »ubshell 
ionisation cross section for different projectile target combinations as 
a function of reduced velocity. Upper ■. calculations according to the 
ECPSSR theory; lower : the intra-shell effect has been combined with 
the ECPSSR.
H ere ail the  da ta  have  been  com pared  w ith  th e  E C P S S R  
p red ic tio n  w ith  an d  w ith o u t the  inc lusion  o f  IS effec t. T he 
d im ension less  quan tity  w h ich  has been  show n  a lo n g  th e  
jc-axis is p ropo rtiona l to  the  v e loc ity  o f  th e  p ro jec tile . A s can 
b e  seen  from  figu re, inc lusion  o f  th e  IS e ffec t in llie  E C PSSR  
th e o ry  d ra s tic a lly  im p ro v e s  its  a g re e m e n t w ith  th e  
m easu rem en ts  fo r L2 subshell ion isa tion  cro ss sec tions. F o r 
th e  L3 subshell, the  inclusion  o f  the  IS  m ak es p rac tica lly  n o  
d ifference . F o r the  LI su bshe ll, h o w ever, it ap p ea rs  th a t th e  
E C P S S R  th eo ry  w ithou t IS e ffec t g iv es b e tte r ag reem en t 
w ith  th e  d a ta  a t ^ / < ’>  0 .26 . O u r co n c lu s io n s  a re  :
( 1)  T h e  s tandard  E C P S S R  th eo ry  [ 15] w ith o u t an  acco u n t 
fo r  IS  co u p lin g  is co n firm ed  to  b e  q u an tita tiv e ly  
inadequa te  fo r th e  L 2 subshe ll ion isa tion  a t low  
v e loc ities; fo r  th e  an a ly sed  heav y  ion  d a ta  th is  
th eo ry  fa ils  fo r < 0 .35 .
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(2) T h e  in c lu s io n  in  th e  E C P S S R  th e o ry  o f  th e  in tra -sh e ll 
e f fe c t su b s ta n tia lly  im p ro v es  a g re e m e n t b e tw een  
th e o ry  a n d  e x p e rim e n t fo r  th e  L 2  su b sh e ll.
(3) T h e  in c lu s io n  o f  th e  IS  e ffe c t m ak es  n o  essen tia l 
d if fe re n c e  in th e  a n a ly s is  o f  o f  th e  L \ an d  1 2  su b sh e ll 
d a ta .
h. A lig n m e n t s tu d y  :
M e h ih o m  [2 5 ] h a d  firs t p o in te d  o u t th a t w hen  a  beam  o f  
c h a rg e d  p a rtic le s  io n ise s  a to m s, ions w ith  v acan c ies  in the
su b sh e ll w ith  a n g u la r  m o m en tu m  J  ^  ^  co u ld  b e  a lig n ed  
w ith  re sp e c t to  th e  beam  d irec tio n . T h e  beam  d irec tio n  ac ts  
a s  th e  q u a n tisa tio n  a x is  an d  th e  n o n sta tis tica l p o p u la tio n  
d is tr ib u tio n  o f  th e  v a rio u s  m a g n e tic  su b s tra te s  g iv e  rise  to  
a lig n m e n t w h ic h  is re f le c ted  in n o n -iso tro p ic  em iss io n  o f  
c h a ra c te ris tic  X -ra y s  o r  A u g e r e le c tro n s  fro m  th e  ta rg e t. T he  
m a in  re a so n  to  s tu d y  th e  a lig n m en t is th a t it g iv e s  in fo rm ation  
a b o u t th e  p o p u la tio n  o f  th e  m a g n e tic  su b s tra te s  o f  a  
p a rt ic u la r  su b sh e ll w h ich  is n o t p o ss ib le  to  g e t from  th e  
to ta l io n isa tio n  c ro s s  sec tio n  m easu rem en t.
L e t u s  ta k e  th e  ca se  o f  th e  L3 su b sh e ll. It h as  a
J  v a lu e  eq u a l to  3 /2  a n d  so  th e  p o ss ib le  m  s ta tes  a re  -3 /2 ,  
-M 2 , M2 a n d  3 /2 . Ig n o rin g  th e  - v e  s ig n , th e  p o ss ib le  |m | 
s ta te s  a re  3 /2  a n d  1/2. U s in g  th e  d en sity  m atrix  fo rm alism
[26 ], th e  d e g re e  o f  a lig n m e n t A i  can  be ex p ressed  as
_  ^3 /2  ~  O' 1/2
O'j/2 +  O’ 1/2 (4)
A ssu m in g  th a t  th e  n a tu re  o f  th e  ch a rac te ris tic  X -ray s  a re  o f  
d ip o le  ty p e , th e  a n g u la r  d is tr ib u tio n  o f  th e  X -ray s  em itted  
fro m  J  =  3 /2  s ta te  can  b e  w ritten  as [27 ,2 8 ]
(5)4 jc
w h ere  p  =  o k A 2
A) =  T o ta l e m iss io n  ra te  o f  th e  sp ec ific  X -ray s  
=  R a te  o f  e m itted  X -ray s  a t a  p a rtic u la r an g le  $  
P  =  M e a s u re d  a n iso tro p y  o f  th e  line 
a  -  A n g u la r  m o m e n tu m  c o u p lin g  co n s tan t be tw een  
th e  in itia l a n d  fina l s ta te s  
K  C o rre c tio n  fa c to r d u e  to  th e  v acan c ie s  th a t a re  
tra n s fe r re d  f ro m  L \ an d  L 2  su b sh e ll to  L i  
su b sh e ll th ro u g h  C o s te r-K ro n ig  tran s itio n  and  
is  g iv e n  b y  [29]
*•" ' =  l +  / 2 3 ’^ ^ ’< '( / l3  + / l 2 / 2 3 ) ^ ^ (6)
F ro m  e q u a tio n  (S ), o n e  can  see  th a t i f  J ( 0 f  is p lo tte d  ag a in s t 
P 2(c o s  0), d ie  v a u e  o f  ^  c o u ld  b e  ex p e rim en ta lly  de te rm in ed . 
F rom  th e  L i  s u b s h e l l , th e  X -ra y  lin es  em itted  a re  L\, Lai, L „2 
a n d  L p x x i-  T h e  I |  lin e  co m p rise s  o f  th e  s in g le t tran s itio n
i s \ a  - >  2p^n■ T h e  o th e r  lin e s  a re  d o u b le t/m u ltip le ts  and art 
in sep a rab le  w h en  m e a su re d  w ith  a  S i (L i)  detector. So to 
h av e  an  id e a  o f  th e  L i  a lig n m en t, it is  ad v isab le  to  measure 
th e  a n g u la r  d is tr ib u tio n  o f  th e  L | line.
B efo re  m e a su rin g  th e  a n g u la r  d is tr ib u tio n  o f  the L\ ime 
th e  an g u la r  a n iso tro p y  ( i f  a n y ) o f  o u r  a n g u la r  distribution 
ta b le  w as  m e a su re d  u sin g  th e  L ^ i  lin e  o f  A u  normalised 
to  th e  n u m b e r  o f  sca tte red  ca rb o n  io n s  a n d  found to be 
a b o u t 3% .
T h e  an g u la r  d is tr ib u tio n  o f  th e  L \ lin e  w a s  th en  measured 
in th e  ran g e  6 0 °  <. 0  ^  150° an d  th e  n o rm a lise d  intensity 
(w ith  re sp e c t to  th e  L ^\ lin e) fo r  o n e  o f  su ch  measurements 
(8 .5 9  M eV  ca rb o n  io n s  o n  A u ) is  sh o w n  in  F igu re  5 .
Figure 5. Angular distribution of the ratio /|/7^ for 8.89 MeV lom 
on Au as a function of Piicos 0), The straight line is the least square fii 
to the present data.
F rom  such  fig u res, th e  v a lu e  o f  p  p a ram eters  were 
o b ta in ed  for all th e  e n e rg y  p o in ts . T h e  fin a l resu lts  o f  the 
a lig n m en t p a ra m e te r in  th e  c a rb o n  im p ac t on Au and
Bi is show n  in F ig u re  6  [30 ], w h e re  th e  sca led  projectile 
v e lo c ity  (v e lo c ity  o f  th e  p ro je c ti le /v e lo c i ty  o f  th e  ta rg e t D  
e lec tro n ) has been  sh o w n  a lo n g  th e  Jt-axis.
Scaled projectile velocity V («Vi/V|j)
Figure 6. The measured values of the alignment parameter Ai (%)'" 
carbon impact on Au and Di plotted as a function o f projectile
velocity Vm vj/v/j. • : this woric; [30]: Jitschin et a l  [20];---- ECPSSR.
—ECPRRS + IS.
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From Figure 6, it is clear t i i a t ;
(1) The E C P S S R  th e o ry  g ro ss ly  u n d e rp re d ic ts  th e  d a ta  
and th e  m ism a tc h  in c re a se s  w ith  d e c rea s in g  p ro jec tile  
velocity.
(2) Inclusion o f  th e  IS  fa c to r  su b s tan tia lly  red u ces  th e  
m ism atch  an d  fo r  A u  th e  ag re e m e n t is seen  to  be  
quite g o o d .
We had seen  b e fo re  th a t th e  in c lu s io n  o f  th e  IS  efTect 
into the E C P S S R  d id  n o t  c h a n g e  th e  1 3  su b sh e ll c ro ss  
section values [24 ]. T h is  in fo rm a tio n  co u p led  w ith  the 
information from  F ig u re  6  lead  u s  to  the  im p o rtan t observation  
(hat it is th e  p a rtit io n  o f  th e  to ta l L3 ( 2pja) s tren g th  in to  
the two m ag n etic  su b s ta te s  \ m j \ -  3/2 an d  1/2 th a t ch an g es  
when the IS  e ffec t is  in c lu d ed  in  th e  E C P S S R .
3.2, M S he ll m e a s u r e m e n t
Next we turn  to  M  sh e ll m e a su re m e n ts . M ea su re m e n t o f  M  
X-rays is n o t a s  e a sy  a s  th a t  fo r  K  a n d  L X -ray s. T h e  M 
shell has five su b sh e lls ; so  th e re  a re  f iv e  f lu o rescen ce  
fields, ten C o s te r  K ro n ig  tran s itio n s  an d  a  n u m b e r  o f  
adiative w id ths. T h e  e ff ic ie n c y  o f  a  co m m o n  Si{L i) d e tec to r 
ii the energ ies o f  M  X -ra y s  is v e ry  low  an d  th e  lines in the 
K1 group are  n o t w e ll re so lv ed  w ith  such  a  d e tec to r. So th e  
leterm ination o f  s u b s h e ll io n isa tio n  c ro ss  se c tio n s  o f  
iifferent su b sh e lls  o r  a lig n m e n t p a ra m e te r  o f  a  p a rticu la r 
itate is ra ther d ifficu lt. O u r  in te re rs t o n  Af she ll m easu rem en ts  
vere tw o fo ld  :
(i) to m easu re  th e  an iso tro p y  p a ram e te r (fi)  o f  th e  d iffe ren t 
M  lines as see n  b y  th e  S i(L ) d e tec to r,
(ii) to  m easu re  th e  X -ra y  p ro d u c tio n  c ro ss  sec tio n s  o f  
the d if fe re n t M  lin es  an d  h e n c e  to  o b ta in  th e  to ta l M  
X -ray  io n isa tio n  c ro ss  sec tio n  u s in g  th e  av e rag e  
flu o rescen ce  y ie ld s .
I. Anisotropy measurement :
Vhen X -rays a re  e m itte d  iso tro p ica lly , o n e  can  u se  th e
elation
/o  =  i { e )
A n
e d n (7)
''here / q is th e  to ta l y ie ld  o f  X -ray s , 1{9) is  th e  X -ray  
ield m easu red  a t an  a n g le  6, e  is th e  e ff ic ie n c y  o f  th e  
letector a n d  dO  is  th e  so lid  a n g le  su b te n d e d  b y  th e  X -ray  
letector.
H ow ever, w h e n  X -ra y s  a re  an iso tro p ic , eq n . (7 )  is  to  be  
^placed b y
I { e ) A 7 t
me d /2 [ i  + pP i (cos^]
'here p  is th e  a n is o tro p y  p a ra m e te r  o f  th e  p a rtic u la r  X -ray  
lie and P j Ccos ff) is  th e  s e c o n d  o rd e r  L e g e n d re  p o ly n o m ia l.
In  m o s t o f  th e  X -ra y  p ro d u c t io n  c ro s s  s e c t io n  
m easu rem en ts , th e  d e tec to r is p laced  a t an  an g le  o f  9 0 °  to  
th e  beam  and  hence  th e  n u m erica l v a lue  o f  P ( ot a t least th e  
a lig n m en t p a ram ete r A ^) is req u ired  to  o b ta in  th e  v a lu e  o f  
/o in o rd e r to  ge t th e  X -ray  p ro d u c tio n /io n isa tio n  c ro ss  
sec io ti.
F ^ m  o u r d iscussion  in 4 .1b , it is c le a r tha t the  K  shell 
( l . v i / ^  = 1/2) X -rays are  iso trop ic . For L shell, o n ly  th e  L3 
{2psi% J  =  3 /2 ) su b sh e ll w o u ld  lead  to  th e  an iso trop ic  
em isB on  o f  X -rays. T h e  an iso tro p ic  em issio n  o f  th e  d iffe ren t 
L l i n ^  h av e  been  th o ro u g h ly  inv es tig a ted  by  [29 ,30].
li
H |it fo r M  X -rays, to  th e  best o f  o u r k n o w led g e , no  
m easu rem en ts  on  p  p a ram ete r h av e  b een  d o n e  so  fa r  [31]. 
So  w ith  a  S i(L i) de tec to r, w e m easu red  th e  p  p a ram e te r o f  
d iffe ren t M  lines o f  A u in d u ced  by ca rb o n  ions in th e  
en e rg y  ran g e  3 - 9  M eV . A  typ ica l spectrum  o f  M  X -ray s 
fitted  w ith  th e  A C T IV  p ro g ram  [32] is show n  in F igure  7.
X-ray energy (keV)
Figure 7. M X-ray spectrum of Au induced by K MeV ions and a 
typ ical fit o f the spectrum with eight Ciatisstans using the program 
ACTIV (32J.
F o llo w in g  the sam e p ro ced u re  as has been  d o n e  fo r  L  
she ll an io s tro p y , the  an iso tro p y  p a ram e te rs  iP )  fo r  v a rio u s  
Af X -ray  lines w ere  m easu red  an d  a re  sh o w n  in T ab le  2 [33]. 
It is ob serv ed  tha t M  X -ray  lines sh o w  large  an iso tro p y , th e  
m easu red  p a ra m e te r p, v ary in g  from  0 .1 8  to  0 .3 8 . T he  
u n ce rta in ty  a sso c ia te d  w ith  th e  M  lines is m a in ly  d u e  to  th e  
b ack g ro u n d  fittin g  erro r.
b. Cross section measurement :
U sin g  re la tio n  (3 ), th e  X -ray  p ro d u c tio n  c ro ss  sec tio n  o f  
d iffe ren t M  lines, su c h  a s  Af^, p, M y etc. o f  g o ld  a p d  lead
h av e  been  m easu red  a fte r  b o m b ard in g  w ith  4 - 1 2  M eV  carb o n  
ions [34]. M e asu red  p ro d u c tio n  c ro ss  sec tio n s  o f  a ll th e se  
lin es  w ere  th en  a d d ed  to g e th e r  an d  u s in g  th e  a v e ra g e  M 
shell f lu o re scen ce  y ie ld  ( ^ ) ,  th e  to ta l M  sh e ll io n isa tio n
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Table 1. Anisotropy parameter (/i) for the various M  X-ray lines o f gold induced by carbon ions of different energies.
Energy Anisotropy parameter (fi) for the variou.s M  lines
(MeV) M i M ,-N^ etc M „f M , Jl/j-Ot
3.0 0.36 ± 021 0.27 ±0.21 0.23 ± 0.05 0.17 ± 0.13 -0 .1 4  ± 0 .11
5.0 0.34 ± 0.33 0.25 ± 0.22 0.23 ± 0.05 0.17 ± 0.13 -0 1 2  ± 0 .1 0
7.0 0.34 ± 0.32 0.21 ± 0.20 0.24 ± 0 05 0.17 ± 0.13 -0 .1 4  ± 0 .1 2
9.0 0.38 ± 0.33 0.20 ± 0.20 0.19 ± 0.05 0.14 ± 0.13 -0 .1 7  ± 0 .1 2
M r-N , etc.
0.13 ± 0.03 0.10 ± 0  03
0.11 ± 0.03 0.17 ± 0.03
0ri2 ± 0.03 0.14 ± 0 03
0 10 ± 0.03 0.17 ±0.03
c r o s s  s e c t io n s  w e re  o b ta in e d .  F ig u re  8  s h o w s  o u r  
ex p e rim e n ta l re su lts  a lo n g  w ith  th e  d a ta  o f  o th e rs . E C P S S R  
a n d  P W B A  p re d ic tio n s  a re  a lso  show n . F o r b o th  g o ld  and  
le ad , P W B A  p re d ic tio n s  a re  in fa ir  ag reem en t w ith  th e  
m easu red  v a lu e ; w h ile  E C P S S R  p red ic tio n s  a re  a  fa c to r o f  4  
lo w e r a t th e  lo w e s t e n e rg ie s . T h is  is in sh a rp  co n tra s t to  
w h a t h a s  g e n e ra lly  b e e n  o b se rv e d  fo r  K  a n d  L  c ro ss  sec tio n  
m e asu rem en ts  w h e re  E C P S S R  ex h ib it m u ch  b e tte r  ag reem en t 
w ith  th e  d a ta  th a n  th e  P W B A .
Figiirc 8. Total M X-ray production cross sections of Au and Pb induced
by 4-12 MeV earbon ions.----- First Bom; —ECPSSR; • Present data;
A  data of Czyzewski e t a l [41].
3 J . K  S h e ll m e a s u r e m e n t
a. A n iso tro p y  m e a su re m e n t :
It h a s  lo n g  b e e n  k n o w n  th a t  s im u ltan eo u s  m u ltip le  io n isa tion  
is  a  d is tin c t p o ss ib ility  fo r  io n - in d u c e d  in n e r she ll ion isa tion . 
T h e  c le a r  s ig n a tu re  o f  m u ltip le  io n isa tio n  w o u ld  b e  th e  
p re se n c e  o f  sa te llite  lin e s  in th e  X -ra y  sp ec tru m  tak en  w id i 
a  h ig h  re so lu tio n  c ry s ta l sp ec tro m e te r. In  sp ec tra  tak en  w ith  
a  S i(L i)  d e te c to r , th e  in d ica tio n  o f  th e  p re se n c e  o f  m u ltip le  
io n isa tio n  w o u ld  b e  sh ift o f  c e n tro id s  o f  th e  X -ray  p e a k s  on  
th e  h ig h e r  e n e rg y  s id e . I t  h a s  b een  k n o w n  s in c e  1975 from  
cu rv e d  c ry s ta l s p e c tro m e te r  d a ta  [3 5 ,3 6 ] th a t sa te llite  lines 
e m itte d  fro m  s in g le  K  m u ltip le  L ( o t  M )  v acan cy  sta te s  a re  
s tro n g ly  p o la r ise d . A ccm x lin g ly , it is  e x p ec ted  th a t X -ray s
e m itte d  fro m  su ch  v a c a n c y  s ta te s  w o u ld  show  strong 
an iso tro p y  in  th e ir  a n g u la r  d is tr ib u tio n . In  th e  K  X-ra> 
sp ec tru m  tak en  w ith  a  S i(L i)  d e tec to r, th e  satellite lines 
w o u ld  n o t b e  sep a ra ted  fro m  th e  d ia g ra m  line  and so the 
co n tr ib u tio n  o f  th e  an iso tro p ic  sa te llite  lines should be 
re f lec ted  in  th e  a n g u la r  d is tr ib u tio n  o f  K a  o r  K p  line.
F o llo w in g  th e  sam e  p ro c e d u re  a s  h a s  b een  adopted for 
L  X -ra y  a n iso tro p y  m easu rem en t, th e  an iso tro p y  parameter 
fo r  th e  K  X -ray  from  G e  an d  A g  w e re  m easu red  fo r protons 
(0 .83  an d  0 .93  M eV ) an d  ca rb o n  (9 .8 9  a n d  11.13 M eV ) ions 
T ab le  3 sh o w s th e  an iso tro p y  p a ra m e te r  th u s  obtained for 
th e  K  lines o f  G e. W e n o tic e  t h a t -
(i) fo r th e  co llis io n  sy s tem  s tu d ied  h e re , p ro tons show 
m in im a l d ev ia tio n  from  iso tro p y  a n d  com pared to 
p ro to n s , th e  an iso tro p y  in d u ced  b y  ca rb o n  ions is 
la rg e r. A s o u r  a n g u la r  d is tr ib u tio n  tab le  has an 
a n iso tro p y  o f  a b o u t 3 % , so  w e  a re  in n o  position to 
d iscu ss  a b o u t th e  m in im a l an iso tro p y  th a t w e have 
o b se rv e d  in th e  ca se  o f  p ro to n s .
(ii) T h e  K p  X -ra y  lin e  in d u ced  b y  ca rb o n  ions is more 
an iso tro p ic  th an  th e  c o rre sp o n d in g  K a  line.
(iii) In  th e  sm a ll ra n g e  co v e re d  h e re , th e  K p  X -rays in 
ca rb o n  im p ac t sh o w  a b o u t 4 - 8 %  dev ia tio n  from 
iso tro p y .
Table 3. Anisotropy parameter o f the Kaji X-rays o f Oc induced by
protons and carbon ions.
Energy
(MeV)
Projectile Anisotropy Daramctcr 03) for
Ka ^4 _
0.83 Proton 0.025 ±  0.002 0.020 ± 0.002
9.89 Carbon 0-041 ±  0.004 0.065 ± 0.014
0.93 Proton 0.026 ±  0.001 0.024 ± 0.00*
11.13 Carbon 0.037 ±  0.003 0.080 ± 0.014
b. C ro ss  se c tio n  m e a su re m e n t
ofW e a lso  m e a su re d  th e  K  X -ra y  p ro d u c tio n  c ro s s  section 
G e a n d  A g  in d u ced  b y  3 .7 -1 1  M eV  ca rb o n  io n s  [37]. He« 
th e  c ro ss  sec tio n  m ea su re m e n ts  w e re  d o n e  re la tiv e  to tht 
m easu rem en ts  w id i p ro to n s . F ig u re  9  ^ o w s  o u r  experimenol 
v a lu e s  o n ly  fo r  G e . B o th  d ie  E C P S S R  a n d  th e  Molecule 
O rb ita l (M O ) th e o ry  o f  M o n te n e g ro  a n d  S ig a u d  [3 8 ] are also
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display®*^  in F ig u re  9 . O u r  m e a s u re m e n ts  sh o w  ex c e lle n t 
agreement w ith  E C P S S R  fo r  A g  (n o t sh o w n ) b u t fo r G e  an d  
, low energies, w e  n e e d  M O  th e o ry . It se em s to  in d ica te  
that perhaps th e  b o u n d a ry  o f  v a lid ity  o f  th e  M O  ap p ro a c h  
should be so m ew h a t e x te n d e d  a t th e  e x p e n se  o f  th e  E C P S S R  
formulation w h en  v ie w e d  a s  sh o w n  in  F ig u re  1 o f  L ap ick i 
>nd Litchen [39].
Hgurc 9. K X-ray production cross section of Ge induced by carbon
ions
1 C onclusion
More investiga tions c o u ld  b e  d o n e  on  L  su b sh e ll io n isa tio n  
^ith heavy ions. A n  in te re s tin g  s tu d y  w o u ld  b e  to  m easu re  
hese cross sec tio n s  a n d  a lso  th e  a lig n m e n t a s  a  fu n c tio n  
the im pact p a ra m e te r  o f  th e  p ro jec tile .
As there a re  o n ly  a  few  d a ta  o n  M  sh e ll c ro ss  sec tio n s  
nduced by h e a v y  io n s , in o rd e r  to  in v es tig a te  th e  e ffe c t o f  
!S on M  she ll d a ta , it w o u ld  b e  n e c e ssa ry  to  m easu re  
ndividual su b sh e ll io n isa tio n  c ro s s  se c tio n s  fo r  th e  A / shell, 
rhis w ould m a k e  it m a n d a to ry  to  u se  a  c ry s ta l sp e c tro m e te r 
0 detect the X -ray .
It w ould a lso  b e  in te re s tin g  to  c a rry  o u t K  sh e ll io n iza tio n  
•easurements in  th e  lo w  e n e rg y  ra n g e  w ith  h eav y  ions 
'Specially on  lovy Z  e le m e n ts  to  in v e s tig a te  th e  d iffe ren ces  
>at emerge w h e n  c o m p a re d  w ith  th e  E C P S S R  th e o ry , an d  to  
ohe the te r r i to ry  w h e re  th e  M O  a p p ro a c h  b e c o m e s  
A rable to  th e  E C P S S R  th e o ry .
Wc h ave  a lre a d y  m e n tio n e d  th a t S im u lta n e o u s  M u ltip le  
onisation (S M I) o c c u rs  in  th e  o u te r  sh e lls  w h ile  p ro d u c in g  
vacancies in  th e  in n e r  sh e lls . T h is  S M I e ffe c t is su p p o sed  
change th e  a to m ic  p a ra m e te rs  lik e  f lu o re sc e n c e  y ie ld s  
®')»Coster K ro n in g  tra n s it io n  ra te s  ( /^ )  a n d  ra d ia tiv e  w id th s  
A lthough th e re  a re  so m e  sc a lin g  law s [40] to  in co rp o ra te  
effect o f  S M I in  th e  K  sh e ll f lu o re sc e n c e  y ie ld s , to  th e
b e s t  o f  o u r  k n o w le d g e ,  n o  e f f o r t  h a s  b e e n  m a d e  
ex p e rim en ta lly  to  inv es tig a te  th e  ex ten d  o f  th e  ch an g es  o f  
th e se  a to m ic  p a ram e te rs  in th e  case  o f  h eav y  ion  induced  
io n is a tio n . It w o u ld  th e re fo re  b e  v e ry  in te re s t in g  to  
e x p e rh n e n ta lly  d e te rm in e  th e  v a lu es o f  th e se  p a ram e te rs  in  
s itu .
A ck n o w led g m en t
th a n k fu l to  D r. D  M itra  fo r h is h e lp  in m a k in g  th is 
m a n u sc rip t c am e ra  read y .
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